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Conventional silicon-based electronics have faced challenges in the realization of soft
bioelectronics, such as wearable and implantable integrated devices, which necessitate
electrically and mechanically interactive biotic—abiotic interfacing without disturbing the daily
life of the user or posing biocompatibility issues. Recently, much effort has been directed at
overcoming the mechanical limitations of conventional rigid electronics by replacement of bulky,
thick, and rigid electronic materials with biocompatible, soft, and nanoscale electronic materials,
which exhibit intrinsic mechanical deformability as well as superior electrical properties. Recent
advances in the synthesis of unconventional nanomaterials, surface functionalization methods,
and integrated device fabrication techniques have resulted in further improvements in the
performance of nanomaterials-based soft bioelectronics. Numerous studies have focused on
the biological, electrical, and mechanical analyses of heterogeneous nanomaterial-biosystem
interfaces as well as the development of efficient integration processes of soft nanomaterials
into devices. In this article, we summarize the latest advances and future prospects in
nanomaterials synthesis, processing, and integration strategies for flexible and stretchable

bioelectronics, and their application to wearable and implantable devices.

Introduction

Significant effort has been directed at the development of func-
tional nanomaterials for state-of-the-art device components,
such as transistors,"* memory,’”’ light-emitting devices,*'? sen-
sors and actuators,*'® and electrochemical energy devices,' !
to overcome the performance limitations imposed by the use of
conventional materials. Additionally, the fabrication of multi-
functional flexible?*2¢ and stretchable?”* electronic systems via
the integration of such nanomaterial-based deformable device
components® 3 has also attracted substantial attention. The func-
tionalization of nanomaterials to improve biocompatibility has
allowed for safe biomedical applications of these soft integrated
electronic systems. These research efforts have significantly
facilitated overall technological development of wearable and
implantable bioelectronics.*** Yet, many challenges remain for
the widespread utilization of nanomaterials-based flexible and
stretchable devices and their integration into systems for wear-
able** and implantable** bioelectronics applications.

Recently, various research groups capable of synthesizing
nanomaterials with diverse sizes/dimensions or functionaliz-
ing their surfaces to suit specific biomedical application con-
ditions have relentlessly pursued high standards to improve
the potential of nanomaterials-based bioelectronics up to the
level of practical clinical applications.’*> > For example, carbon-
nanomaterials-based electrodes’® 7 comprising graphene
and carbon nanotubes (CNTs) were developed and optimized
by controlling the growth conditions. The surfaces of these
electrodes were functionalized with poly(ethylene glycol)
(PEQG) to increase their biocompatibility under in vivo condi-
tions. Surface modification with PEG allowed the electrical
and mechanical characteristics of carbon nanomaterials to be
stably maintained during their long-term implantation in rat
models.*® In addition to the use of carbon nanomaterials, con-
trol of silver nanowires (Ag NWs) in terms of their length
and alignment of assemblies and ligand modification of Ag
NWs increased the electrical conductivity and mechanical
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NANOMATERIALS-BASED FLEXIBLE AND STRETCHABLE BIOELECTRONICS

stretchability of their percolated NW network.> % These NW
networks could be used in deformable displays that show bio-
medical recordings from biosensors in real time.*

Although device performance enhancement through the use
of diverse functional carbon, organic, and inorganic nanomate-
rials and chemical modifications of these materials for in vivo
applications have been extensively explored, reaching the perfor-
mance levels of commercially available rigid electronics remains
a daunting goal. Also, their potential applications considering the
unique properties and performance of nanomaterials-based soft
electronics have not been fully explored yet. Thus, the develop-
ment of new materials, devices, and integration technologies
to realize high-performance deformable bioelectronics as well
as the exploration of novel applications for nanomaterials-based
soft electronics are being actively pursued.

Here, we review recent advances in materials synthesis,
device design, and system integration technologies for flex-
ible and stretchable bioelectronics based on functional nano-
materials. These technological advances have enabled the
development of various soft, biocompatible, and biointegrated
device components such as sensors/actuators,® % nonvolatile
memories,” 7 and optoelectronic devices™ " as well as their
integrated systems. We have divided the nanomaterials into two
categories depending on their electrical properties (e.g., con-
ducting and semiconducting), and also device applications
into two categories, either wearable or implantable bioelec-
tronics. After introducing conducting and semiconducting
nanomaterials and their bioelectronics applications, we briefly
review the recent development of unconventional nanomateri-
als and their integrated hybrid forms, such as transparent’ *?
and autonomously self-recoverable®#-% nanomaterials, for
novel flexible and stretchable bioelectronics applications.

Conducting nanomaterials-based wearable
bioelectronics

Wearable electronics, particularly those intended for next-
generation noninvasive healthcare applications, have drawn
much attention, since they allow continuous long-term recording
of physiological and electrophysiological signals, on-site
amplification of recorded data, analysis of such data to determine
disease patterns, delivery of information to patients and doc-
tors through real-time display and wireless communication,
and application of point-of-care type feedback therapies.”*7-°
However, commercialization of such a multifunctional closed-
loop wearable system (i.e., epidermal electronic medicine)
has been delayed due to several issues. One is related to the
use of conventional rigid electronic materials and device com-
ponents. The rigidity of materials and devices decreases the
level of user comfort and limits the quality of sensing/therapy
on the skin surface because of mechanical mismatch causing
nonconformal contact and incomplete interfacing between the
rigid device and soft human skin. In this regard, the process-
ing, assembly, and application of soft functional nanomate-
rials for flexible and stretchable bioelectronic devices have
been intensively researched to overcome the aforementioned
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issues and to achieve superior mechanical, biomedical, and
electrical performance in wearable bioelectronics.

For example, metallic CNTs are a deformable conducting
nanomaterial that can form percolated networks, and can be
used in stretchable and transparent electrodes.®*?'-** Despite
the intrinsic deformability of CNT networks, their practical
applications are limited by their relatively low conductivity,
which is significantly lower than that of conventional metal
thin films. Hong et al. developed a mechanically stretchable
and highly conductive CNT-poly(dimethylsiloxane) (PDMS)
heterostructure by inkjet printing a viscous PDMS solu-
tion onto a vertically grown CNT film followed by Joule
heating for PDMS solidification (Figure 1a[i]) to enhance
the conductivity of the CNT networks.” After their release
from the growth substrate, a shear force was applied to the
exposed CNTs resulting in a combed CNT structure to form
a stretchable electrode, which exhibited stretchability and
conductivity superior to those of pristine vertical CNTs.
This approach also allowed metal electroplating, which
further reduced the resistance (i.e., increased conductivity)
from 31 Q per square (vertical CNTs) to 6 Q per square
(Ni-coated combed CNTs). Consequently, the high conductiv-
ity and stretchability of the combed CNT structure allowed
it to be utilized in wearable wireless antenna and energy
harvesting devices.

Metallic conducting nanomaterials can be directly
assembled into elastic polymer matrices for use as intrinsically
stretchable electrodes. Matsuhisa et al. observed the in situ for-
mation of silver nanoparticles (Ag NPs) around Ag flakes
during the preparation of a printed electrode (Figure 1b).7%%
The presence of uniformly dispersed Ag NPs improved the
percolation between micrometer-sized Ag flakes, and crack
formation was suppressed by the reinforcement effect of Ag
NPs, which resulted in exceptional conductivity and stretch-
ability. Specifically, the conductivity improvement based on
the spontaneous formation of Ag NPs is well matched to an
electrical self-boosting phenomenon in a recent report, which
used a tough self-healing polymer.” In addition, the excellent
processability of the printable elastic conductor over a large
area allowed for the fabrication of large area stretchable elec-
tronic devices for sensing pressure or temperature of curved
body parts with dynamic motions such as joints. Intrinsically
stretchable Ag interconnects can be used to reliably measure
the pressure and temperature of various regions of human skin
without causing strain-induced malfunctions. Indeed, in one
case, intrinsically stretchable electrodes improved the accu-
racy of physiological signal monitoring by enhancing confor-
mal contact between the sensor and the target skin tissue.5¢

Alternatively, for high-quality sensing and bioanalysis, the
sensitivity of wearable physiological sensors can be enhanced
through the use of hybrid metal-inorganic nanocrystal assem-
blies. Lee et al. recently fabricated a hybrid nanomaterial and
used it as the active layer of a flexible strain sensor with a
high gauge factor (Figure 1c).”” The active layer, composed of
a metal—insulator heterostructure of gold (Au) and cadmium
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Figure 1. Conducting nanomaterials-based wearable bioelectronics. (a) Inkjet printing of poly(dimethylsiloxane) on a carbon nanotube
(CNT) forest. (i) Combed CNTs (left) before and (right) after Ni electroplating. Insets show corresponding schematics. (ii) Scanning electron
microscope (SEM) image of the electrode microstructure upon stretching. Reprinted with permission from Reference 95. © 2017
Wiley. (b[i]) Ag nanoparticles (NPs) synthesized in situ by mixing components forming conducting paths with micrometer-sized Ag flakes.
(i) Structure of sensors for pressure or temperature. Reprinted with permission from Reference 97. © 2017 Springer Nature. (c[i]) Fabrication
of (far right) nanocrystal (NC) heterostructures highly sensitive strain gauge device. (ii) Transmission electron microscope (TEM) images of
1,2-ethanedithiol (EDT)-treated 77% CdSe NC hybrid thin films. Reprinted with permission from Reference 99. © 2017 Wiley. (d[i]) Wearable
memory array transfer-printed on the bottom side of an elastomeric hydrocolloid skin patch. (i, left) Schematic diagram for Langmuir-
Blodgett (LB) assembly and self-assembled monolayer functionalization. Three layers of Au NPs were coated onto the switching TiO,
nanomembrane (NM) using the LB assembly process and (right) corresponding TEM image. Reprinted with permission from Reference

73. © 2014 Springer Nature. Note: PET, poly(ethylene terephthalate); PR, photoresist; TBAB, tetra-n-butylammonium bromide; RRAM,

resistive random-access memory.

selenide (CdSe) nanocrystals (NCs), was interconnected
between Ag NC-based electrodes. The Au NC:CdSe NC blend
ratio was optimized to maximize strain sensitivity (gauge
factor: ~5045). The blend ratio determined the number of per-
colation pathways and thus influenced the charge transport
mechanism in the heterogeneous film. The resistance of the
hybrid film and the strain gauge factor increased by decreas-
ing Au NC:CdSe NC blend ratio, which indicated that the
CdSe NCs were located within the Au NCs and acted as insu-
lating impurities that blocked charge transport. The high strain
sensitivity achieved allowed for high sensitivity monitor-
ing of motions of finger joints, pulse waves on the wrist, and
movement of the vocal cords in real time.

Onsite data-storage capabilities”’! are also important for
the analysis of long-term disease patterns. Son et al. devel-
oped a wearable nonvolatile memory device exhibiting the
benefits of low cost, low power, high density, and even strain
insensitivity. They developed a stretchable Au NP-embedded
resistive random-access memory device (ReRAM) (Figure 1d)™
with a switching layer containing an Al-TiO, nanomembrane.
In this structure, a new phenomenon—an extremely low-
power operation of the memory device—was observed.
A Langmuir-Blodgett assembled!® ultrathin nanostructured
Au NP film, produced charge trap sites that controlled elec-
tron or oxygen vacancies in the TiO, nanomembrane layer,
which resulted in a dramatic reduction in the operation current
of'the memory device. The ReRAM was a two-terminal device
with a simple metal—insulator—metal structure that allowed
the implementation of numerous memory cells in a limited

https://doi.org/10.1557/mrs.2019.183 Published online by Cambridge University Press

space through multilayer stacking. In addition, the presence
of serpentine interconnections between each memory cell and
the neutral mechanical plane design of the switching layer
allowed for minimal signal degradation even under ~30%
applied strain. The multifunctional wearable patch was inte-
grated with strain and temperature sensors, thermal actuators,
and therapeutic mesoporous nanoparticles, and was employed
to monitor the tremors often associated with motion-related
neurological disorders. The recorded data could be stored in
the stretchable memory array, which could then be down-
loaded to an external computer for further data analysis and
diagnosis.

Conducting nanomaterials-based implantable
bioelectronics
For implantable bioelectronic devices, the biocompatibility of
soft nanomaterials and nanomaterials-based devices should
be considered more carefully than that of wearable devices,
since long-term application of the device to the targeted
organ surfaces or tissues inside the human body requires that
no biological toxicity issues arise. Further, high deformabil-
ity of the device without mechanical mismatch with the target
organ and good electrical performance are still required.®!!
Various research and development efforts have been made to
safely apply diverse functional nanomaterials and flexible and
stretchable devices incorporating these materials into implant-
able bioelectronics.””102103

For instance, Ag nanomaterials, widely used in wearable
electronics, exhibit cytotoxicity and are not well suited for
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use in implantable devices. Lu et al.'™ developed a multifunc-
tional wire-type neural interface based on a polycarbonate
core/cyclic olefin copolymer (COC) shell structure to over-
come this limitation. It is consecutively dip-coated in an Ag
NW (diameter: 70 nm, length: 40 um) solution to form an Ag
NW mesh around the structure and then in elastomer PDMS
for encapsulation. The COC cladding prevents the scattering
and evanescence of light into plasmon modes by the nano-
materials, which allows for simultaneous optical stimulation.
Additionally, coating the outermost layer with biocompatible
PDMS minimizes inflammation, which allows electrophysi-
ological recording in vivo. The authors observed a signifi-
cant suppression of inflammation during the stimulation and
recording of electrophysiological activity in the spinal cord,
the device maintained its high electrical conductivity during
deformation owing to the mesh structure that effectively
dissipates the applied strain (Figure 2a).' The developed
implantable device was employed for recording and control-
ling neural activity in vivo to monitor and promote recovery
of spinal cord injuries.

Despite this successful in vivo demonstration, even the
slightest exposure of tissues and the spinal cord to Ag metal
can cause toxicity issues, particularly for long-term implan-
tation. Therefore, further modification of the Ag NWs is
required to preserve the high conductivity and stretchability
of the Ag NW network, while increasing the biocompat-
ibility of the corresponding implantable devices. Choi et al.
developed a stretchable Ag-Au nanocomposite composed of
Au-shell-coated Ag NWs mixed with a thermoplastic polymer,

styrene-butadiene-styrene rubber (Figure 2b), to address this
issue.!” The resulting composite material exhibited high con-
ductivity due to the percolation network of the high-aspect-
ratio Ag-Au NWs and the high intrinsic conductivity of the
Ag NWs. The inert Au shell effectively protected the core Ag
NWs from oxidation and dissolution, which maintains their
high conductivity over the long term and suppresses the cyto-
toxicity of the Ag NWs. As a result, a stable electrical conduc-
tivity could be achieved even when the Ag-Au nanocomposite
was fully stretched to a tensile strain of 840%. Finally, the
Ag-Au nanocomposite was applied to cardiac signal measure-
ment and electrical stimulation of a swine heart after appro-
priate patterning and device fabrication through a molding
process. This novel highly conductive, biocompatible, and
stretchable material provides new opportunities for advanced
implantable bioelectronic systems.

Implantable devices based on hybrid nanomaterials can be
integrated with cells and tissues before implantation in vivo to
realize the multifunctionality of diagnosis and therapy as well
as enhanced biocompatibility.'1” The ultimate goal of such
multifunctional devices is to develop a soft system for long-
term implantation for simultaneous measurement of various
electrophysiological signals'® and feedback electrical stim-
ulation therapies while providing a high level of long-term
biocompatibility. Kim et al. reported a multifunctional cell
culture platform integrated with a graphene nanohybrid, cell
sheets, impedance sensors, and an electrical stimulator
for recording electrophysiological signals and regenerating
injured muscle tissues via electrical stimulation (Figure 2¢).'”
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Figure 2. Conducting nanomaterial-based implantable bioelectronics. (a) Nanowire-coated fibers probe for optoelectronic probing.
(i) Spool of a fiber with polycarbonate (PC) core and cyclic olefin copolymer (COC) cladding. (i) Schematics of the structure of the probe.
(iii) Transmission electron microscope (TEM) image of Ag nanowires (NWSs). Reprinted with permission from Reference 104. © 2017 AAAS.
(b[i]) Mixture of Ag-Au NWs combined with hexylamine ligands, styrene-butadiene-styrene (SBS) elastomer, and an additional hexylamine
in toluene. (ii) Microstructure of Ag-Au nanocomposite (left) before and (right) after stretching. The yellow arrow indicates the electron
motion through the Ag-Au NW region, maintaining stable electrical conduction when the microstructured Ag-Au nanocomposite is
stretched. (i) Optical images of a cardiac mesh. Reprinted with permission from Reference 103. © 2018 Springer Nature. (c[i]) Schematic
illustrations showing stretchable and transparent cell-sheet-graphene hybrid structure with (inset bottom) buckled topology and (inset top)
graphene mesh doped with Au particles. (i) Images of the device during uniaxial stretching. (iii) Implantation of the cell-sheet-graphene
hybrid onto target site of mouse in vivo. Reprinted with permission from Reference 109. © 2016 Wiley. Note: PDMS, poly(dimethylsiloxane);
IPA, isopropyl alcohol; RV, right ventricle; LV, left ventricle; LAD, left anterior descending coronary artery; GP, graphene.
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Au NP-doped graphene electrodes in a buckled mesh-
patterned design with sheets of immortalized mouse myoblast
(primordial muscle cell) cell lines (C2C12 myoblasts) on top
were used as a biointerface to the injured muscle tissues of an
animal model. This ultrathin and stretchable device structure
not only showed conformal device—tissue integration, but also
improved the regeneration of injured muscle tissues with no
immune response, thus overcoming the intrinsic limitations of
bulky and rigid conventional implantable device—tissue inter-
facing devices.

Semiconducting nanomaterials-based wearable
bioelectronics

Conventional electronic systems are typically based on single-
crystal silicon (Si), which has been the most widely used
semiconducting material in electronics and offers diverse ben-
efits such as low cost, facile channel doping control, excellent
processability compatible with mass production, and long-
termreliability, including stability in air. However, the thick and
rigid Si currently used in conventional electronic devices is not
suitable for use in wearable bioelectronics. These limitations

can be overcome through the use of Si nanomembranes
(Si NMs) with thickness range in the hundreds of nanome-
ters.!"®!" Their ultrathin structure dramatically decreases flex-
ural rigidity and thus allows flexibility, foldability, and high
performance even under mechanical deformation, particularly
when combined with elastomeric substrate/encapsulation lay-
ers, neutral mechanical plane (a layer within a structure that is
not under stress), and serpentine shape interconnections.

Kim et al. have reported that Si NM-based epidermal devices
can achieve conformal contact and complete adhesion on human
skin based on van der Waals interactions alone, thereby extend-
ing high performance to a wearable format (Figure 3a).'"> The
ultrathin epidermal devices were integrated into a multifunc-
tional system that consists of sensors (temperature, strain, and
electrophysiological parameters), microscale light-emitting
diodes (LEDs), active/passive circuit elements (transistors,
diodes, and resistors), wireless power coils, and radio fre-
quency (RF) communication units (high-frequency inductors,
capacitors, oscillators, and antenna). The system was integrated
onto a thin (~30 pum) elastomeric sheet based on modified
silicone with a low Young’s modulus (~60 kPa) for conformal
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Figure 3. Semiconducting nanomaterial-based wearable bioelectronics. (a[i]) Demonstration platform for multifunctional electronics with
physical properties matched to the epidermis. Epidermal electronic system (EES) (i) partially and (jii) fully peeled away from the skin; inset
shows a representative cross-sectional illustration of the structure with the neutral mechanical plane (NMP). Reprinted with permission
from Reference 112. © 2011 AAAS. (b[i]) Schematics of real-time wearable cardiac-monitoring system consisting of (ji) electrocardiogram
(ECG) sensor, (iii) single-walled carbon nanotube-(CNT) based amplifier, and (iv) color-tunable organic light-emitting diode (OLED)
display. Reprinted with permission from Reference 119. © 2017 American Chemical Society. (c[i]) Three-dimensional schematic of the
desired morphology composed of embedded nanoscale networks of polymer semiconductor. (ii) Photograph of a CONPHINE-1 film (blue
area) at 100% strain on a rubber substrate. Reprinted with permission from Reference 124. (jii) Atomic force microscope phase images of
the top and bottom interfaces of the conjugated-polymer/elastomer phase separation-induced elasticity (CONPHINE)-1 film with 70 wt%
polystyrene-block-poly(ethylene-ran-butylene)-block-polystyrene (SEBS). © 2017 AAAS. (d[i]) Data flow between the integrated electronic
components and display. (i) Ultrathin quantum dot light-emitting diode (QLED) 16 x 16 display on deformed skin; insets show three
color displays: red, green, and blue. (jii) Demonstration of its waterproof property stable operation in (inset) crumpled and (iv) rolled form.
Reprinted with permission from Reference 12. © 2017 Wiley. Note: RF, radio frequency; EMG, electromyography; MOS, metal oxide
semiconductor; PE, polyethylene; P, polyimide.
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lamination on human skin. The stretchability of the system
was enhanced using neutral mechanical plane configurations
and unique geometrical designs based on a filamentary ser-
pentine (FS) structure. The combination of FS geometries and
device islands connected by FS interconnects allowed mini-
mization of the system modulus and thus conformal adhesion
to skin.

In addition to the ultrathin structure of Si NMs, which pro-
vides soft electronics with the desired deformation capabil-
ity, the percolated network structure of semiconducting CNTs
can serve as a channel for transistors in wearable/deformable
devices.!* !5 Semiconducting CNTs show excellent electri-
cal properties, good uniformity over large areas, and robust
performance under mechanical deformation due to the self-
reconfiguration of the highly percolated network under an
applied strain.!¢18

Koo et al. described a wearable electrocardiogram (ECG)
monitor containing an ultrathin electrode and a p-type metal
oxide semiconductor (MOS) CNT signal amplifier, which
allowed continuous ECG monitoring on human skin and
real-time colorimetric display of the retrieved ECG signals
through an ultrathin voltage-dependent color-tunable organic
LED (Figure 3b).""” The signal amplifier consists of p-MOS
inverters based on four p-type CNT transistors. The well-
percolated networks of the semiconducting CNT channel and
the ultrathin electrode endowed these CNT-based electronics
with stable operation under various deformation conditions. The
integration of CNT-based sensors and amplifiers increased the
signal-to-noise ratio and ECG signal measurement accuracy,
which demonstrated the suitability of CNT electronics for use
in next-generation wearable bioelectronics.

Despite extensive research efforts on stretchable electron-
ics, areal density issues have arisen in stretchable devices
with the incorporation of structural designs such as wavy and
serpentine-shaped interconnections. Although such designs
allow the use of high-quality ultrathin inorganic materials in
stretchable devices, which generally exhibit electrical perfor-
mance superior to those of organic materials, the practical utili-
zation of these designs is hindered by the loss of areal density.

In this respect, recently developed intrinsically stretchable
organic materials hold great promise.'*'?* Xu et al. showed
that an organic semiconducting polymer film can simultane-
ously maintain high stretchability and high field-effect mobility
by virtue of a nanoconfinement effect. As shown in Figure 3¢,'**
nanoconfinement of polymer chains was achieved via the
formation of nanofibrils inside a soft, deformable elastomer.
The connectivity between the aggregates of the nanofibrils
allowed for good charge transport in the deformable elastomer.
A high-mobility semiconducting polymer with a soft elasto-
meric medium was used. The increased number of polymer
chains under nanoconfinement reduced the modulus of the
conjugated polymer and improved stretchability up to 100%
strain without affecting mobility. Subsequently, nanoconfine-
ment was applied to fully stretchable transparent transistors
to achieve high biaxial stretchability with minimal change of
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ON-current. Finally, the developed approach was used to fab-
ricate a skin-like finger-mounted wearable sensing device to
drive an LED, showing promise for diverse applications in
wearable bioelectronics.

Stretchable semiconducting nanomaterials have also been
applied to develop deformable displays, realizing user-interactive
biomedical electronic systems. Such wearable displays can
show stored health information and biosignals measured by
the wearable bioelectronics in real time. Deformable display
applications utilize ultrathin light-emitting layers such as with
quantum dot®’ (QD) layers. Ultrathin QD layers have superb
optoelectronic properties, chemical stability, and mechanical
reliability (e.g., high brightness at a low operating voltage,
good stability in air, high thermal reliability, printability on
various substrates, and excellent mechanical deformability).
Kim et al. developed a user-interactive wearable display
integrated with biosensing and electronics components
(Figure 3d)."? This passive-matrix (16 x 16) QD display was
fabricated using CdSe-based (QLEDs) and co-integrated into
a wearable electronic system that consisted of various physi-
ological sensors and driving circuits. The previously mentioned
properties of QDs and the ultrathin thickness (=5.5 um) of the
QLED display allowed for a high electroluminescence bright-
ness of the wearable display, up to 44,719 cd m* at 9 V. As a
result, the ultrathin QLED display could be safely operated
at low temperatures, which is important for a wearable system
mounted on human skin. Further integration of this display
with flexible circuits allowed for the realization of an advanced
wearable system with user controllability/interactivity.'*

Semiconducting nanomaterials-based
implantable bioelectronics
Semiconducting nanomaterials have been applied to implant-
able bioelectronics. Nanoscale semiconductors whose elec-
tron mobility is high enough to fabricate electronic devices
have been used for electronic implants.'?¢"'?® There are many
aspects to consider regarding the use of semiconducting nano-
materials for implantable bioelectronics. We focus on two
interesting recent breakthroughs achieved using semicon-
ducting nanomaterials, one in efficient power management
of electronic implants'?*~'3? and the other in bioresorbable
implantable devices.!¥* 13

One major issue in implantable bioelectronics is the long-
term power supply, as electric power must be continuously
supplied to various sensors (ECG/electrocorticography [ECoG])
and actuators (pacemaker/deep brain stimulator) as well as to
electronic circuits in the implantable system. This requires fre-
quent replacement of the entire implantable device, including
the battery, which requires painful, expensive, and undesired
surgeries (e.g., surgical replacement of conventional cardiac
pacemakers every seven years). In this regard, the piezoelec-
tric property of semiconducting zinc oxide (ZnO) nanow-
ires,¢ 140 which originates from the mechanical—electric
coupling of piezoelectric nanomaterials, can be used to
generate power inside the body and drive an implantable
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nanosensing system. The ZnO-based nanogenerator exploits
movements of the heart, respiration, and other organs to gen-
erate power inside animal bodies. Li et al. used ZnO NWs to
fabricate an implantable energy harvester based on an (AC)
nanogenerator and demonstrated energy harvesting in vivo
from the motions induced by the breathing and heartbeat of
a rat (Figure 4a).'"!

Another example of a self-powered nanosensing
system is presented in Figure 4b, which shows a nano-
poly(tetrafluoroethylene) (PTFE) film-based'* flexible and
ultrasensitive endocardial pressure sensor (SEPS). The SEPS
was based on a triboelectric nanogenerator that converts the
mechanical energy of blood flow within the heart chambers
into electricity. Highly sensitive (1.195 mV mmHg ') real-time
monitoring of endocardial pressure to detect cardiac arrhyth-
mias was successfully achieved by implanting the device into
the left ventricle and left atrium of a porcine model. The SEPS
could be integrated with a surgical catheter for minimally
invasive deployment. High-sensitivity pressure sensing was

achieved by modifying one of the triboelectric layers, the
nano-PTFE film, to have a higher surface charge density with
corona discharge and by adding an ethylene-vinyl acetate
copolymer film as a spacer layer for more effective contact and
separation between the two films. The SEPS showed potential
for self-powered detection of cardiovascular diseases.

In addition to the long-term power supply issue, the chronic
inflammation caused by the implanted device and correspond-
ing secondary surgery for removal of implanted devices are
other major issues. Bioresorbability of the implanted device
can solve this issue. Medical implants made of bioresorbable
materials can decompose into biocompatible materials that are
absorbed by the human body, thus avoiding chronic inflamma-
tion due to long-term implantation and minimizing any sec-
ondary surgery to remove the implanted device after use. One
good example is the biodegradable stent applied for cardio-
vascular diseases.'® However, current bioresorbable commer-
cial medical implants do not contain electronics, and their role
is limited to structural support. To develop such bioresorbable
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Figure 4. Semiconducting nanomaterials-based implantable bioelectronics. (a[i]) Single-wire generator (SWG) implanted into a live rat’s heart
diaphragm, which (i) drives the SWG to periodically bend and produce AC (alternating current) power output. The dashed line box indicates the
location of a SWG. (jii) Current-voltage (I-V) characteristics of the SWG, showing the presence of Schottky contact. (iv) Current output measured
from a SGW in vivo. Inset plot shows zoomed-in view of the data from the red rectangular box. Reprinted with permission from Reference 141.
© 2010 Wiley. (b[i]) Ultrasensitive endocardial pressure sensor (SEPS) in (top) bending and (bottom) original state; (i, bottom left) minimally
invasive surgery with a (bottom right) digital radiography image of the heart implanted with a device by (top) surgical delivery system integration.
Reprinted with permission from Reference 142. © 2018 Wiley. (c[i]) Schematic exploded view of a passive, bioresorbable neural electrode array
for electrocorticography (ECoG) and subdermal encephalogram measurements. (Inset) The optical image of the electrodes show the sensing
(Si nanomembranes) and insulating (SiO,) regions. (i) Photographs of a four-channel bioresorbable electrode array placed on the cortical surface
on the left hemisphere of a rat, and (jii) an array wrapped around a cylindrical tube with a radius of 2 mm. Reprinted with permission from
Reference 135. © 2016 Springer Nature. (d[i]) A bioresorbable magnesium alloy stent strut integrated with (ii) ceria nanoparticles (NPs) for
(iii) catalytic reactive oxygen species (ROS) scavenging, where superoxide and hydrogen peroxide molecules were used to mimic increased
ROS levels in cardiovascular systems during angioplasty. Reprinted with permission from Reference 147. © 2015 American Chemical Society.
Note: MSN, mesoporous silica nanoparticle; NIR, near infrared; PLA, poly(lactic) acid; RRAM, resistive random-access memory; Au NR@MSN,
Au nanorod core with a mesoporous silica nanoparticle shell; PLGA, poly(lactic-co-glycolic acid).
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electronic devices, the development of bioresorbable semi-
conducting materials is required.'*4 146

Yu et al. applied Si NM as a bioresorbable semiconduct-
ing material to a multiplexed neural array in a bioresorbable
format for monitoring ECoG and subdermal encephalograms
(Figure 4¢)."* Specifically, bioresorbability of the Si NMs was
achieved due to the hydrolysis of the Si NM when immersed
in biofluids, thereby eliminating the need for additional sur-
gery to remove the implanted recording devices. Such robust
capabilities in bioresorbable implantable bioelectronics can
be employed for advanced clinical problems of post-operation
monitoring of neural activities.

The previously discussed Si NM bioelectronics were
developed for sensing and thus allowed real-time biosignal
monitoring. However, other system functions such as storage
of data and feedback treatment via localized drug delivery
were not included. Son et al. have developed a multifunctional
bioresorbable electronic stent (Figure 4d).'*” It consists of
a bioresorbable magnesium alloy stent strut integrated with
ceria nanoparticles (ceria NPs) for catalytic reactive oxygen
species (ROS) scavenging, where superoxide and hydrogen
peroxide molecules were used to mimic increased ROS levels
in cardiovascular systems during angioplasty (Figure 4d[iii]).
The system consists of an Au nanorod core with a mesopo-
rous silica nanoparticle shell for thermal stimuli responsive
drug delivery, flow and temperature sensors for blood flow
and temperature sensing, and a wide-bandgap semiconducting
MgO-based ReRAM for data storage. The magnesium alloy
stent strut was also used as an antenna for wireless power
transmission and data communication. This multifunctional
smart stent system measured blood flow, transferred data
wirelessly to an external analysis system, released anti-stenosis
drugs by Au NR-based local hyperthermia, and effectively
scavenged ROS by catalytic effects of ceria NPs. These com-
bined functions are important for the monitoring and preven-
tion of in-stent thrombosis.

Unconventional nanomaterials for next-
generation bioelectronics
Although methods for the synthesis and modification of nano-
materials have become elaborate and reached the level of mass
production, it is still difficult to simultaneously meet all the
requirements of diverse biomedical applications, such as bio-
compatibility, stretchability, transparency, electrical perfor-
mance, long-term reliability, and even therapeutic capability
with a single conventional nanomaterial. Consequently, recent
investigations on bioelectronics have focused on the careful
selection of unconventional nanomaterials corresponding to
specific biomedical applications and the use of efficient in-
tegration techniques to integrate these unconventional nano-
materials in a single multifunctional system to achieve the
diverse performance requirements of biomedical applications.
Lee et al. developed a multifunctional smart endoscope
in which graphene-hybrid-based transparent flexible sensors
were integrated on a surgical endoscope and combined with
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theranostic nanoparticles for tumor imaging and therapy
(Figure 5a).%> The transparent flexible sensors and actua-
tors on the smart endoscope are based on a transparent hybrid
conductor that consists of patterned graphene, Au NPs, iridium
oxide (IrO,) thin film, and Ag NWs. The multifunctional
device was capable of sensing of tumor tissues and applying
RF ablation to the detected tumor tissue. Integration with
therapeutic nanoparticles also allowed local imaging of
the remaining tumor tissue and the application of photody-
namic and photothermal therapy to the imaged tumor. Due
to the transparency of the graphene-based hybrid conductor,
all sensing, imaging, and therapy procedures inside the body
could be observed using the endoscope camera through the
transparent multifunctional device on the endoscope.

Such material and integration technology for hybrids
of unconventional nanomaterials can be also extended to wear-
able bioelectronics. Graphene-based hybrid nanomaterials were
applied to fabricate wearable patch-type sensors (Figure 5b).%*
The transparent conducting hybrid material was used as a
strain gauge or temperature sensor. After further function-
alization with glucose oxidase and a redox mediator, it was
used as a glucose sensor to detect glucose level in sweat.
Functionalization with polyaniline and poly(3,4-ethylene-
dioxythiophene) poly(styrene sulfonate) enabled fabrication
of a pH and humidity sensor. The Au particles formed scat-
tered clusters on the patterned graphene, providing a large
electrochemically active surface area, which resulted in
improved electrochemical sensitivity of the various sensors.
The graphene hybrid endowed transparency to the system, and
a skin-like appearance could be achieved even while wearing
the patch.

In addition to conventional flexible and stretchable nano-
materials, autonomously self-healable materials®$384148.149 have
also been intensively researched. Son et al. recently observed
that broken conductive CNT and Ag NW networks could be
autonomously reconstructed at room temperature, owing to
the dynamic nature of a self-healing polymer matrix. The self-
recovery properties originate from the low glass-transition
temperature and hydrogen bonding interactions of the self-
healing polymer chains (Figure 5¢).** Efficient dissipation of
strain energy in the polymer made the previously discussed
nanocomposites more mechanically reliable than conventional
elastomers. More importantly, self-healing nanomaterials capa-
ble of self-bonding allow facile assembly of two-dimensional
and three-dimensional electronic modules without the use of
heat, light, or complex processes.'* Utilizing the self-bonding
assembly, the authors developed a multifunctional self-healable
bioelectronic system that comprised transparent stretchable
electrodes, sensors, and light-emitting capacitor devices,
which could measure physiological signals and visualize the
measured signals.®

Conclusions
Next-generation wearable and implantable devices will consist
of closed-loop biointegrated systems, featuring functionality
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Figure 5. Unconventional nanomaterials for next-generation bioelectronics. (a[i]) Multifunctional endoscope system based on transparent
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(i) Images of the tumor captured from the endoscope. The cases of (left) transparent graphene (GP)-based device and (right) metal-based
device. Reprinted with permission from Reference 82. © 2015 Springer Nature. (b[i]) Diabetes patch composed of sweat-control, sensing,
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(iii[left]) optical microscope images of GP hybrid after poly(3,4-ethylenedioxythiophene) electrodeposition and (right) corresponding scanning
electron microscope image of the region in the red box. Reprinted with permission from Reference 54. © 2016 Springer Nature.

(c[i]) Schematic of multifunctional self-healable electronic skin composed of strain monitor, electrocardiogram (ECG) sensor, and
electroluminescent cells. (ii) Multifunctional self-healable electronic skin device on skin while operating a light-emitting electrochemical cell
(LEC). Reprinted with permission from Reference 64. © 2018 Springer Nature. Note: TP, transparent; PDT, photodynamic; PTT, photothermal;
NP, nanoparticle; SHP, self-healing polymer; NW, nanowire; uPs, microparticles.
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including continuous recording of physiological and electro-
physiological signals, on-site amplification of recorded data,
precise analysis of disease patterns, real-time display of the
analyzed data, and feedback point-of-care therapy based on
the diagnosis. However, this goal has not yet been achieved
due in large part to the absence of appropriate materials and
efficient integration methods capable of satisfying the various
performance requirements of diverse biomedical applications
(e.g., biocompatibility, stretchability, high electrical performance,
transparency, therapeutic functionality, and self-healing). In
this respect, new strategies for functional nanomaterial syn-
thesis and the integration of the synthesized nanomaterials
should be developed while utilizing well-established existing
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technologies to process these materials and fabricate devices
using them. In this article, we have introduced and summa-
rized such research efforts for next-generation wearable and
implantable bioelectronic devices according to the proper-
ties of the materials, (i.e., conducting, semiconducting, and
unconventional nanomaterials). The development and inte-
gration of such materials into novel flexible and stretchable
bioelectronics is expected to revolutionize clinical medicine
in the near future.
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SAVE THE DAT

The ISGN-8 Symposium is being organized by the Materials Research Society. It is the eighth Symposium in
a biannual series focused specifically on growth of IlI-Nitride materials, nanostructures and device structures.
Begun in Linkdping, Sweden (2006), the Symposium has since been held in Izu, Japan (2008), Montpellier,
France (2010), St Petersburg, Russia (2012), Atlanta, Georgia, USA (2014), Hamamatsu, Japan (2016),

and Warsaw, Poland (2018).

SCIENTIFIC PROGRAM

The five-day Conference will feature oral and poster presentations covering:
= [lI-N Bulk crystal growth

= [lI-N Epitaxial growth techniques

= [lI-N Ternary and quaternary alloys

= [II-N Nanostructures and 2-D Materials

= |lI-N Heterostructure characterization

= |II-N Defect control and surface effects

= |II-N Optical and electrical properties

= [lI-N Device modeling and simulation

= [lI-N Spin-related phenomena

= lI-N Devices: e.g., FETs, LEDs, and lasers

CONFERENCE VENUE

San Diego, California, is often referred to as “America’s Finest City” and for good reason! Known for its beautiful
weather, pristine beaches, friendly people and plethora of entertainment, San Diego is a favorite travel destination
for visitors across the globe. This great city has a huge variety of attractions—from the surf-friendly beaches of
North County and famous destinations like the San Diego Zoo and Legoland, to a diverse variety of museums
ranging from the San Diego Museum of Art to the USS Midway Museum, San Diego has many dimensions to
satisfy every traveler. A perfect blend of nature, city, suburbia and tourism make San Diego an ideal conference and
vacation destination.

For the most up-to-date information on ISGN-8, visit MRS.0RG/ISGN-8.
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